ABSTRACT The purpose of this study was to evaluate the potential of magnetic resonance imaging (MRI) in vivo for the characterization of tissue changes associated with acute myocardial rejection after cardiac transplantation. Of 15 dogs that underwent heterotopic cardiac transplantation, six served as untreated controls, and nine received immunosuppressive therapy (25 mg/kg/day cyclosporine, 1 mg/kg/day prednisone). Serial electrocardiographically gated MRI (spin-echo technique) and histologic examinations of allograft biopsy samples were performed for each dog at 2 to 3, 7 to 10, 14 to 17, and 26 to 29 days after transplantation and immediately after animals were killed. Untreated allografts showed a significant increase (p < .01) in T2 (spin-spin) relaxation time (T2 = 66 ± 8 msec) and intensity values compared with values in the native hearts (T2 = 44 + 6 msec) as early as 1 week after transplantation. The significant difference in T2 values could be observed in vivo as well as on postmortem examination and corresponded to histologic progression of the rejection process. There was no significant difference in TI, T2, or intensity values in cyclosporine-treated allografts and native hearts except in two dogs in which T2 relaxation times and signal intensity in the transplanted hearts increased simultaneously with histologic evidence of rejection, indicating failure of immunosuppressive therapy. There was a significant correlation between histologic grading of severity of rejection and T2 relaxation times of the cardiac transplants (r = .72). Likewise, there was a significant linear relationship between T2 values in vivo and percent water content when the differences between native hearts and allografts were compared (r = .92, p < .001). Thus, electrocardiographically gated MRI in vivo is a sensitive, noninvasive modality for detecting and estimating severity of acute rejection of cardiac transplants. Myocardial tissue characterization is possible by quantitating T2 relaxation times. Circulation 74, No. 1, 145-156, 1986 
tion. 5 In this regard, preliminary reports of magnetic resonance analysis of tissue samples in vitro have demonstrated Ti and T2 relaxation times to be prolonged in the presence of cardiac allograft rejection.6 '7 The purposes of this study were: (1) to evaluate whether electrocardiographically (ECG) gated MRI can depict cardiac allograft rejection in untreated and cyclosporine-treated dogs with cardiac transplants, (2) to determine the time interval at which MRI in vivo can detect alterations in cardiac allografts undergoing rejection, and (3) to assess the correlation between histologic ratings or tissue water content and severity of rejection as quantitated by T2 relaxation times.
Methods
Experimental preparation and protocol. Fifteen unrelated beagles (8 to 10 kg) underwent heterotopic cardiac transplantation to the left hemithorax. After induction of anesthesia with pentobarbital (25 mg/kg) the dogs were intubated and anesthesia was maintained with a halothane/oxygen mixture administered with a Harvard respirator. The hearts were excised through a median sternotomy after cold cardioplegic arrest (20 meq K'). The aortic arch was preserved and the brachiocephalic vessels were ligated. An atrial and a ventricular septal defect were created and implantation was achieved by anastomosing the respective descending aortas and pulmonary arteries. The coronary circulation of the transplanted heart was perfused in a retrograde fashion through the ascending aorta and functioned in parallel with the native heart. Total time of ischemia did not exceed 45 min.
The control group consisted of six dogs that received no immunosuppressive therapy during the postoperative period. In the second group, nine dogs received cyclosporine (25 mg/kg/day) and prednisone (1 mg/kg/day) orally in two divided doses beginning 4 hr before surgery for the duration of the study. Cyclosporine levels were checked twice in the first week and weekly thereafter. Serum levels of cyclosporine did not fall below the therapeutic range (150 to 250 ng/ml) in eight dogs throughout the study. In the ninth dog, low serum levels of cyclosporine (less than 50 ng/ml) were observed during the second and third postoperative weeks because of persistent vomiting, which necessitated cessation of treatment at the end of the third week. Results in this dog were therefore excluded from the group data and were analyzed separately.
Fifty-seven ECG gated magnetic resonance studies were performed in vivo in the 15 dogs at the following time intervals after transplantation: first examination (n = 15) at day 2 or 3 after transplantation; second examination ( n 15) at days 7 to 10 after transplantation; third examination (n 14) at days 14 to 17 after transplantation; and, fourth examination (n = 13) at days 26 to 29 after transplantation. These 13 animals were also imaged immediately after death.
Two animals in the treated group died after the second and third magnetic resonance examination, respectively. For imaging, the dogs were premedicated with 0.5 ml in Innovar, intubated, and anesthetized with sodium pentobarbital (25 mg/kg). After imaging and while still anesthetized, a full-thickness myocardial biopsy of the allograft was performed with a Tru-Cut needle (Travenol Laboratories) through a small thoracotomy incision. Two to three tissue samples were obtained from the left ventricular wall. The dogs were killed after their final magnetic resonance examination and an additional postmortem imaging study was performed immediately after death.
At autopsy the size of both hearts and the myocardial wall thickness were recorded. Multiple tissue samples were taken for microscopic evaluation and for estimation of water content. To determine the water content, tissue samples from transplanted and native hearts were blotted dry and weighed for wet weight. After dessication to a constant weight (96 hr), the samples were weighted again for dry weight. Percent water content was calculated as wet weight minus dry weight divided by wet weight multiplied by 100%.
Histology. Biopsy tissue samples and autopsy specimens were immediately fixed in 10% buffered formalin and stained with hematoxylin and eosin for microscopic evaluation. The pathologist (W. F.) who examined all the histologic sections was unaware of the treatment status of the dogs. The histologic grading of acute cardiac rejection was performed by the method of Billingham2 as follows: grade A = no rejection or minimal changes, e.g., early cellular infiltrates; grade B = moderate rejection consisting of increased cellular infiltrates, increased interstitial edema, and focal areas of myocyte injury; grade C = severe rejection consisting of extensive myocyte necrosis, interstitial hemorrhage, and inflammatory infiltrates.
MRI. ECG gated magnetic resonance images were obtained in a superconductive magnet (Diasonics MT/S) operating at 0.35 tesla with a corresponding resonance frequency of 15 MHz for protons. The image matrix was 256 x 256 pixels and multislice image acquisition in the transverse plane was used, producing five contiguous sections of 10 mm thickness. A double spin-echo (SE) pulse sequence was applied with echo delay times (TE) of 30 and 60 msec. The pulse repetition rate (TR) was determined by the heart rate of the dog because with electrocardiographic gating the R wave of the electrocardiogram triggers the radiofrequency pulses. Gating to consecutive or alternative heart beats results in two different TR values that are equivalent to the RR interval or twice the RR interval of the electrocardiogram. The shorter TR interval (gated to consecutive heart beats) ranged from 600 to 800 msec among the dogs and the longer TR (gated to alternative heart beats) was two times longer. Each imaging sequence consisted of four different TRs, a short and a long TR gated both to the native and to the transplanted heart. For studies in the control group after the first postoperative week, the R wave of the native heart only was used for gating because there was usually absent or only a lowvoltage electrocardiographic signal from the transplanted heart at this point in time. At this time the transplanted heart had ceased contraction so that the gating to the transplanted heart was not possible or necessary. On such images gated only to the electrocardiogram of the native heart, the structural detail of the transplant was equivalent to that of the native heart. Thus, four intensity images of each heart and each anatomic level were acquired: SE every beat/30, SE every beat/60, SE every other beat/30, and SE every other beat/60. Postmortem studies had a short TR of 500 msec and a long TR of 2000 msec: SE 500/30, Image analysis. Spin-echo images were analyzed for morphology, intensity values, and relaxation times. Intensity measurements were obtained by operator-defined regions of interest consisting of a minimum of 30 pixels in the myocardium of both transplanted and native hearts. The double spin-echo formula was used to compute TI and T2 relaxation times.8
To determine interobserver and intraobserver variability, intensity measurements and T2 calculations were repeated independently by two observers. This was done for all final magnetic resonance examinations, which included a postmortem study. The intensity values and relaxation times of both hearts were compared within the same dog.
Statistical analysis. All values are presented as group mean data + 1 SD. Percent difference in signal intensity was calculated as intensity from the transplant minus intensity from the native heart divided by the intensity from the native heart times 100. The statistical significance of differences in the relaxation times and intensity values was evaluated with the two-tailed Student's t test and subsequent Bonferroni correction of significance levels for multiple comparisons.9 The relationship between the difference in T2 relaxation times and the difference in percent water content of transplanted and native hearts was analyzed with the least squares fit for linear regression. The correlation between T2 relaxation times and histopathologic grading of acute cardiac rejection was evaluated with the Spearman rank correlation. 10 
Results
Histology. In the untreated dogs a progressive process of rejection of allografts was observed throughout the study (table 1) . At the first postopertive examination (2 to 3 days) there were only minimal changes (grade A) indicative of rejection in five dogs, but changes became moderate (grade B) by the second examination (7 to 10 days) and progressed to severe (grade C) by the end of the study. One dog in the control group had moderate rejection at 3 days after transplantation.
In the cyclosporine-treated dogs allograft rejection remained well controlled (grade A) in seven of nine cases (table 1) . One dog developed acute allograft rejection after the second examination because of low cyclosporine levels and there was progression to severe rejection at 17 days after transplantation, when treatment was stopped. Another dog showed moderate rejection at the final examination 28 days after transplantation. In two of the seven treated dogs without any apparent allograft rejection, analysis of the autopsy specimens showed small foci of necrosis (in the right ventricle in one and in the ventricular septum in the other).
Relaxation times. relationship between T2 values of native and transplanted hearts remained as in vivo (figure 3). Again, there was a significant prolongation of the T2 relaxation times of the untreated allografts compared with those of the native hearts (p < .01).
Cyclosporine group. In all cyclosporine-treated dogs except the dog that had severe rejection, the T2 values of the allografts did not differ significantly from those of the native hearts ( figure 4) . However, the mean T2 values of the treated allografts were slightly above the mean T2 values of the corresponding native hearts (table 3) . The TI relaxation times were similar for the transplanted and native hearts in vivo and on postmortem study (figure 3).
Interobserver variation was less than 6% for the native and less than 8% for the transplanted hearts in 80,- both the control and cyclosporine-treated groups; the actual variability for all measurements was 5.9 msec (table 4). Intraobserver variation was less than 6% for native and transplanted hearts in both groups. Signal intensities. In tables 5A and 5B, percent differences in signal intensities are listed for each of the four intensity images acquired at the same anatomic level.
Control group. Signal intensities from the myocardium of untreated transplanted and native hearts varied in the same way as the T2 relaxation times. As the first examination there was no significant difference in signal intensities. After 7 days the transplanted hearts that were being rejected showed higher signal intensity on T2-weighted images (gated to every other beat/60) compared with the native hearts. This difference in intensity was stastically significant (p < .01) by the seventh postoperative day. Ti-weighted images (SE every beat/30) obtained in vivo showed no significant differences in intensity values between native and transplanted hearts. Postmortem examinations revealed differences in signal intensity even on images with shorter TR and TE values (SE every beat/60 and SE to every other beat/30).
Cyclosporine group. Signal intensities of transplanted and native hearts in the treated group differed less than 150 25% and the differences were not statistically significant at any time interval.
Magnetic resonance images. ECG gated magnetic resonance images demonstrated cardiac anatomy and morphologic changes associated with rejection. Several slices incorporated both hearts because of their proximity to each other within the chest. Comparison of the appearance of the native and transplanted hearts showed visually greater signal intensity of the transplanted myocardium compared with that of native myocardium in the second postoperative week. A circumferential layer of fibrosis was observed at postmortem examination to involve the epicardial layer; this was represented on magnetic resonance images by a zone of low signal intensity. Areas of localized hemorrhage within the transplanted myocardium and thrombi that occupied the left ventricular cavity were displayed as regions of high signal intensity. At autopsy these findings correlated well with the patchy distribution of areas of necrosis and hemorrhage and with generalized edema ( figure 5 ). In the cyclosporine-treated dogs there was no visually detectable difference in signal intensity of transplanted compared with normal myocardium (figure 6). Signal distribution throughout the myocardium of treated transplants was homogeneous ues than the remainder of those receiving cyclosporine. The dog exhibiting moderate rejection in the fourth week had a T2 value of 56 msec compared with the mean of 47 msec for the group as a whole at this time interval. The T2 values for the dog with low cyclosporine levels increased from 46 msec at 10 days to 67 msec at 17 days and to 75 msec at 24 days, corresponding to a histologic grading of grade A at day 10 and grade C at days 17 and 24.
Correlation between water content and T2 relaxation times in vivo. In each dog (n = 12) the percent water content of the transplant was higher than that of the native heart. The dogs in the control group had significantly greater differences in percent water content (transplant minus native heart) than those in the cyclosporine-treated group (p < .05). The mean percent difference in water content in the control group was 3.1% (±+ 1.2) and in the cyclosporine-treated group it was 1. 1% ( + 0. 8). A close linear correlation (r = .92) existed between the percent difference in water content and the percent difference in T2 values for the entire group of 12 animals in which these data could be obtained ( figure 8 ).
Discussion
The results of the current study in a limited number of dogs show that MRI can differentiate myocardium 152 in the process of acute rejection from normal myocardium in a canine preparation of cardiac transplantation. All untreated allografts showed a marked increase in the T2 relaxation time from the first examination (2 to 3 days) to the second examination (7 to 10 days), resulting in a significant prolongation of the T2 relaxation time in the transplanted compared with the native myocardium. This increase in T2 and intensity values in the transplanted hearts coincided with advance of the rejection process (grade A to grade B or grade A to grade C). When cyclosporine treatment was adequate the transplanted hearts did not differ significantly with respect to T2 relaxation time from the corresponding native hearts. Histologic examinations in these dogs showed only minimal changes.
Magnetic resonance images displayed the acute rejection process as higher signal intensity from the transplanted hearts compared with the native hearts in the control group. The distinction between transplants in the process of being rejected and native hearts was clear on the T2-weighted images (SE every other beat/60 msec). A T2 value greater than 55 msec served as a sensitive and specific indicator of injury to myocardium, which in these experiments was induced by the rejection process.
The observed increase in T2 relaxation times in un- myocardium. However, our postmortem studies showed the same significant difference in T2 values in native and transplanted hearts in the control group, supporting the hypothesis that the disease itself causes a prolongation of the T2 relaxation times. The TI relaxation times calculated from examinations in vivo showed substantial overlap of the values in transplanted and native hearts in both groups. There were no differences in the Tl values of allografts and native hearts except that on postmortem examinations, the TI relaxation times of the untreated transplants were significantly longer than those of the corresponding native hearts (figure 2). The discrepancy between Tl values measured in vivo and those determined at postmortem examination is related to the fact that the TR with ECG gated studies is determnined by the individual's heart rate. Unavoiciable variations in the heart rate or arrhythmias result in inconsistent TR values and consequently in inaccurate calculations of the Ti relaxation time.
Signal intensities on spin-echo images increase with short TI and long T2 relaxation times and high spin density. Their appearance on magnetic resonance images is dependent on the pulse sequence parameters TR and TE. Long TR and TE values (gating to every second heart beat/60) emphasize differences in T2 relaxation times, whereas short TR and short TE values (gating to every heart beat/30) accentuate TI differences. This effect could be observed in the transplan-154 ted hearts of the untreated group after the first postoperative week. The significantly prolonged T2 relaxation times in the myocardium in the process of being rejected produced significantly higher signal intensities in the transplants than in the native hearts on T2-weighted images (figure 5). There was no significant difference in signal intensities of cyclosporinetreated transplants and native hearts at any point in time.
We observed a significant correlation between histologic grading and T2 relaxation times of the transplanted hearts. The transition from minimal changes to moderate or severe rejection was associated with a marked increase in T2 relaxation times in the transplanted hearts in the control group. However, the progression of acute allograft rejection from grade B to grade C was not associated with a further increase in T2 values. Although it is not established that magnetic resonance data can replace the information gained by histologic examination, MRI seems to be sensitive enough to differentiate between normal myocardium and that being rejected. The two dogs suboptimally treated with cyclosporine developed histologic changes of rejection and had corresponding increases in T2 relaxation times at the MRI examination immediately preceding the biopsy.
There was a highly significant linear correlation between percent difference in water content and the percent difference in T2 relaxation times of transplants compared with their corresponding native hearts. Although all transplanted hearts had a greater water content than their corresponding native hearts, the difference in the cyclosporine-treated group was significantly less (p < .05). It is interesting to note that the treated dog with moderate rejection at 28 days after transplantation had the largest difference in percent water content (1.4%) of the cyclosporine group, but it was still less than that in the control group (3. 1%). It does appear from this study and from previous results'5 that the greatest increase in water content occurs during the first 10 days after transplantation in untreated dogs. Endomyocardial biopsy by the percutaneous approach is currently the standard technique used for the diagnosis of myocardial allograft rejection.' Immunosuppressive treatment with cyclosporine increases the need for close monitoring of an allograft because rejection is usually clinically silent. The utility of MRI would be for signaling the need for biopsy and for assessing the response to changes in drug therapy during acute episodes of rejection. MRI, as a noninvasive modality, combines excellent anatomic resolution with direct tissue characterization and depicts, accurately and quickly, cardiac allograft rejection. Examination time is 7 to 10 min. However, the limited availability of magnetic resonance units and the problems with monitoring of critically ill patients in the environment of a high magnetic field are current disadvantages.
In conclusion, MRI in vivo is a sensitive, noninvasive modality in the diagnosis of myocardial rejection. The cardiac allograft that is being rejected is characterized by prolongation of the T2 relaxation time and a high signal intensity on spin-echo images. These changes are readily visible or measurable from magnetic resonance images within days after transplantation.
